We present a tritrophic analysis of the potential non-intended pleiotropic effects of cry1Ac gene derived from Bacillus thurigiensis (Bt) insertion in cotton (DeltaPine 404 Bt BollgardÒ variety) on the emission of herbivore induced volatile compounds and on the attraction of the egg parasitoid Trichogramma pretisoum (Hymenoptera: Trichogrammatidae). Both the herbivore damaged Bt variety and its non-Bt isoline (DeltaPine DP4049 variety) produced volatiles in higher quantity when compared to undamaged plants and significantly attracted the egg parasitoids (T. pretiosum) when compared to undamaged plants. However, Trichogramma pretiosum did not differentiate between the transgenic and nontransgenic varieties, suggesting that the ratios between the compounds released by herbivory damaged -Bt cotton and herbivory damaged-nonBt cotton did not change significantly. Finally, no detrimental effect of the Bt genetic engineering was detected related to the volatile compounds released by Bollgard cotton on the behavior of the natural enemy studied.
Introduction
The insertion of genes expressing insecticidal proteins (d-endotoxin) from Bacillus thuringiensis (Bt) Berliner as Cry toxins in cultivated plants represents an innovation in pest control, which has been increasingly adopted on a large scale in world agriculture over the past decade (ISAAA 2006 ). This technology is considered an important tool in pest management by allowing the reduction in the number of applications of synthetic chemical pesticides and promoting more effective control against a variety of pest species throughout the whole crop cycle (Fitt and Wilson 2000; Sharma and Ortiz 2000; Wu 2001 ).
The Bt varieties available commercially in several countries provide protection against some pests in the orders Lepidoptera and Coleoptera (Estruch et al. 1996; Perlak et al. 1990 Perlak et al. , 2001 . In March 2005 the Brazilian National Technical Commission on Biosafety (CTNBio, 2006) approved BollgardÒ cotton expressing the Cry1Ac insecticidal protein (CTNBio 2006) for planting on a commercial scale, and since then several commercial varieties have been introduced. Cry1Ac expression in cotton was proposed to protect from attack by lepidopteran pests like budworm-bollworm complex (Heliothis virescens, Helicoverpa spp, Alabama argilacea, Pectinophora gossypella) and it was quickly incorporated in Brazilian agriculture, and in only 3 years the total cropped area reached 800 thousand hectares (http:// www.conab.gov.br/conabweb/IA-nov09.pdf, MDMSeeds 2008) .
Despite the benefits of this technology, genetic engineering potentially can generate unpredictable unintended effects in non-target insects such as natural enemies (parasitoids or predators) of the pests, altering the natural biological control capacity existing in the agroecosystem. Parasitoids and predators are important natural enemies of many pest species and are used extensively in biological and integrated control programs. These insects use different cues to locate their hosts, and the volatile compounds released by the plants when damaged by herbivory are important cues used by these insects when foraging for their hosts (Turlings et al. 1990 (Turlings et al. , 2005 Rose et al. 1996 Rose et al. , 2004 Rose et al. , 2005 Moraes et al. 2005 Moraes et al. , 2008 Moraes et al. , 2009 .
Few studies have been conducted to evaluate the influence of the Bt genetic engineering on the secondary metabolism of the plants and its influence on parasitoids and predators. Yan et al. (2004) studied volatile composition of a transgenic Bt cotton variety (GK-97) and its parental variety (Simina No. 3) and showed that the profile of volatiles of both varieties was very similar. However, the transgenic variety produced higher quantities of two monoterpenes, a-pinene and b-pinene, and a minor compound that was not identified. In addition, the authors did not observe differences in the electrophysiological response of males and females of Helicoverpa armigera to the volatiles from Bt and non-Bt cotton. The authors did not conduct behavioral bioassays to evaluate if the blend of the compounds released by the Bt and non Bt cotton could affect the behavior of H. armigera. Therefore, they could not infer if the Bt genetic engineering caused some alteration of the chemical communication between the plant and its herbivore. Turlings et al. (2005) evaluated the volatile organic compounds released by a herbivore damaged Bt maize (Bt11, N4640Bt) and its parental variety (N4640). The chemical analysis comparing Bt maize and non-Bt maize showed that the same compounds were released, but that the non-Bt maize released higher quantities of the compounds when compared to Bt maize. In addition, the two species of parasitoids evaluated did not show preference in bioassays between Bt maize and non-Bt maize plants.
A better understanding of the interaction between transgenic plants, pests and parasitoids is necessary to limit disruption of biological control and to provide background knowledge essential for implementing measures for the conservation of natural enemy populations. The aim of this study was to understand whether Bt genetic engineering in cotton affects a volatile-mediated tritrophic interaction. Our system consisted of a transgenic (DeltaPine 404 Bt BollgardÒ) and a non-transgenic (DeltaPine DP4049) cotton variety. First we compared the volatile chemical profiles of the two varieties in response to feeding behavior by the chewing larvae of Spodoptera frugiperda (Lepidoptera: Noctuidae). Second, we evaluated whether this modification affected the attraction of the egg parasitoid Trichogramma pretiosum (Hymenoptera: Trichogrammatidae) in laboratory bioassays.
Materials and methods

Plants and insects
Cotton varieties DP404 (Bt BollgardÒ) and its nonBt isoline DP4049 were planted in 300 mL plastic pots and grown in a controlled chamber (at 25°C with 16 h of photoperiod). Plants were used in experiments 30-35 days after germination.
Eggs of S. frugiperda were reared in the laboratory under 14 h photoperiod at 26.0 ± 0.5°C and 65 ± 10% relative humidity. Approximately 20 eggs glued on a strip of paper (3 9 6 cm), were placed in 250 mL plastic cups and two blocks (2 9 2 9 2 cm) of artificial diet were provided as food. When larvae reached the second instar they were separated and used in the bioassays (Schmidt et al. 2001) .
Trichogramma pretiosum were reared in angledneck 25 cm 2 plastic tissue culture flasks (ICN Biomedicals, Irvine, CA, USA) on S. frugiperda or Anticarsia gemmatalis (Hübner) (Lepidoptera: Noctudiae) eggs under the same environmental conditions described for S. frugiperda. A droplet of pure honey was supplied in each flask as a food source. Adult parasitoids obtained with these procedures were kept for 24-48 h in the plastic cages described above for mating. Later, the females were separated individually into glass tubes (4 9 0.5 cm) for use in bioassays.
Volatile analysis
To evaluate the profile of defensive compounds released we compared four treatments: 1-Undamaged Bt cotton (UD-Bt); 2-herbivory damaged Bt cotton (by five S. frugiperda larvae) (HD-Bt), 3-undamaged nonBt cotton (UD-nonBt); 4-herbivory damaged nonBt cotton-(by five S. frugiperda larvae) (HDnonBt). The damage lasted either 24, 48 or 72 h depending on the experiment (described below). A system with 12 independent glass chambers was run simultaneously for volatiles collection at 1,200 mL/min of air flux. The volatiles were captured in 8.0 cm long 9 0.7 cm diameter glass tubes with 60 mg of Super Q adsorbent (Alltech 80/100 mesh-Alltech Associates, Inc.) during 24 h over 3 days in a total of 5 replicates per treatment. The volatile trap was extracted with 1 mL of hexane and the solvent evaporated under pure nitrogen to 200 lL. The compounds were quantified using 0.03 mg/mL of 16-hexadecanolide as an internal standard. The quantitative analysis was carried out in a gas chromatography flame ionization detector (Perkin Elmer, column DB-5, 30 m 9 0.25 mm ID, 0.25 lm film) with the column maintained at 50°C for 2 min and then programmed at 5°C/min to 150°C and 10°C/min until 250°C (20 min) and helium was used as carrier gas. The qualitative composition of the chosen extracts was analysed using a QP-2010 Shimadzu quadruple mass spectrometer equipped with a DB-5 capillary column (30 m 9 0.32 mm ID, 0.25 lm film) and splitless injector. The oven temperature was programmed at 50°C for 2 min and then on a ramp at 5°C/min to 150°C and 10°C/min until 250°C (held for 30 min). Ionization was by electron impact (70 eV, source temperature 250°C). Compound identification was carried out by comparison of spectra with library databases (NIST) and subsequent confirmation using authentic standards.
Bioassays
To compare the effect of the volatiles released by Bt and non-Bt varieties damaged and undamaged by herbivory of S. frugiperda larvae, bioassays were carried out using a dual-choice (Y-tube) olfactometer. The plants were placed in 1 L glass chambers and exposed to five S. frugiperda second instar larvae per plant. After the damage (24-72 h), the larvae were removed to avoid any interference of larvae volatiles with parasitoid behavior. The chambers were connected to the olfactometer by silicon tubes. An acrylic box with a Y-shaped cavity (27.5 9 21.0 cm) sandwiched between two glass plates was used as the bioassay olfactometer (Moraes et al. 2005 ). An air flow was generated by a push-pull system with aquarium air pumps, filtered using an activated charcoal filter (0.4 mL/h), passed through the glass chambers with the plants and then into the olfactometer. The olfactometer was illuminated from above by two fluorescent lamps (40 W) and from below by two infrared lamps (homogenous emission of wavelengths at 950 nm provided by 108 LEDs). For each bioassay, a single naïve (without plant and oviposition experience) T. pretiosum female (24-48 h in the adult stage) was introduced at the base of the Y-tube, and its behavior was monitored for 10 min. Insects that had not made a choice after 5 min were considered as non responders, and they were not included in the statistical analyses. To test for any bias between the two olfactometer arms, blank tests were carried out in each set of bioassays, presenting clean air through both arms. All bioassays were performed between 10:00 and 16:00 h in a room at 26.0 ± 1.0°C. During each bioassay, two behavioral parameters were recorded: first choice, measured as the arm of the olfactometer into which the insect entered first for at least 1 cm and remained for at least 20 s; and residence time, measured as the percentage of total bioassay time spent in each arm of the olfactometer. First, to test if the parasitoid recognizes and selectively responds to the volatiles of cotton varieties when compared clean air, the following combination of treatments were carried out: air versus air, UD-nonBt versus air, UD-Bt versus air, HD-nonBt versus air, HD-Bt versus air. Second, to test if the parasitoid selectively responds to one of the two varieties under study, the following combinations were tested: HD-nonBt versus UD-nonBt (N = 70), HD-Bt versus UD-Bt (N = 70), UD-Bt versus UDnonBt (N = 70), HD-Bt versus HD-nonBt (N = 70), UD-Bt versus HD-nonBt (N = 70), HD-Bt versus UD-nonBt (N = 70).
Statistical analysis
The amount of the main compounds identified in each treatment (converted to natural logarithms) was Transgenic Res (2011) 20:99-107 101 compared by repeated measures split-plot ANOVA, fitting treatment as the explanatory variable and time as the within-subject (plant) factor. The choices made by the parasitoids in the bioassays were analyzed by logistic regression and estimation of the probability of choosing the test odor. The model used a factor for the side (left or right) on which the test odor was presented to control for this variability. The hypothesis of no preference (50% first choice to each odor) was tested by means of a v2 Wald test. The time spent in each odor field was analyzed by Wilcoxon's matched-pairs test after arcsine transformation of the data. Previous results using HD vs. UD Bt and non Bt plants showed no differences in the response of the parasitoid over the time after herbivory damage (i.e. 24, 48 or 72 h) to cotton plants. The initial choice of the parasitoid was significantly biased to the HD plants in the three times evaluated (v 2 p \ 0.05 for both varieties) and the time from the liberation of the insects in the olfactometer until the choice of one of the arms by the parasitoid was the same when the bioassays were conducted with plants in the three different periods of time considered (Kruskal-Wallis Anova H = 1.60 df = 2 p = 0.449 and H = 0.472 df = 2 p = 0.790 for Bt plants and NonBt plants respectively). Therefore, the statistical analyses of the plant-parasitoid bioassays were performed for the complete set of bioassays. The analyses were carried out using the R programming language (R Development Core Team 2008).
Chemicals
Super Q (80/100 mesh) was purchased from Alltech (PA, USA). The following chemicals were purchased from Sigma-Aldrich (Steinheim, Germany); a-Pinene (98%); camphene (75%); b-pinene (99%); myrcene (90%), (Z)-3-hexenyl acetate (98%), limonene (97%), (E)-b-ocimene, indole (98.5%), (E)-b-farnesene (90%). The compound b-caryophyllene (90%), was purchased from (TCI-America, Portland, US). (E,E)-a-farnesene was provide by Dr. J. Aldrich; (E)-4,8-Dimethylnona-1,3,7-triene and (E,E)-4,8,12-trimethyltrideca-1,3,7, 11-tetraene were synthesized from geraniol and (E,E)-farnesol respectively, by oxidation to their corresponding aldehydes followed by Wittig methylenation (Leopold 1990 ) and were provide by Dr. M Birkett (from Rothamsted Research).
Results
Volatile analysis
Second instar larvae of Spodoptera frugiperda fed on Bt and non-Bt cotton in a similar way, that is, no differences were observed in the area damaged by larvae in each variety. In addition, as expected, all larvae survived after 3 days feeding on Bt cotton.
The total amount of volatiles released by cotton varieties was different among the treatments (F 3,52 = 4.876, p = 0.005). HD plants volatiles liberation was higher than UD plants. The effect of the time was not significant (F 1,52 = 0.0002, p = 0.988), however there was a significant interaction between treatment and time (F 3,52 = 3.119, p = 0.033) (Fig. 1) . The graphical analyses showed that both varieties responded similarly to the herbivory attack with an increase of the total amount of volatiles released (Fig. 1) .
The analysis of the extracts of each treatment did not show any qualitative difference in the chemical composition of the volatile blends released (Fig. 2) . However, there was a significant difference in the quantities released when comparing damaged and undamaged plants, and this was observed for both the Bt and the non-Bt variety among the treatments and over the time (Fig. 2 ). In the Bt cotton variety, the following compounds were released in higher quantities elicited by herbivory along the 3 days: a-pinene ( released in significantly higher quantity only on the third day (Fig. 2a-c) . Although the other compounds did not show statistical significance when compared to undamaged plants, an increase was apparent in all compounds analysed.
In the non-Bt variety only, (E)-b-ocimene was released in higher quantity throughout the 3 days following the onset of herbivore damage (F 1,8 = 20.733, p = 0.002) (Fig. 2d-f) . The compounds TMTT (F 1,8 = 13.444, p = 0.005) and b-caryophyllene (F 1,8 = 8.733, p = 0.021) were released in higher quantities from the second day onwards (Fig. 2d-f) . Several compounds showed an increase in their release when compared to undamaged nonBt plants, mainly on the third day (Fig. 2f) , but statistical significance was marginal. This was the case for compounds such as a-pinene (F 1,8 = 3.647, p = 0.085), camphene (F 1,8 = 4.176, p = 0.071) and b-pinene (F 1,8 = 4.176, p = 0.071). When we compared the individual compounds released by the HD-Bt variety with those of the HD-nonBt variety and UD-Bt with UD-nonBt, we did not observe significant differences in the quality or quantity of the compounds released.
Bioassays
The parasitoid T. prestiosum showed a significant response (measured by both first choice and residence time) to cotton volatiles of undamaged plants from both Bt and nonBt varieties when compared against clean air (Fig. 3) . The parasitoid also showed significant responses to herbivore-damaged plants from both varieties when tested against clean air (Fig. 3) . When the nonBt was tested against the Bt variety the parasitoid showed no preference, whether both were herbivory damaged or not. In bioassays comparing undamaged vs. herbivore damaged plants T. pretiosum females showed a clear preference for the herbivore-damaged plants when measured by the first choice (Fig. 4a) . This preference was evident for all the combinations tested. For residence time the cross-variety comparisons (UD-nonBt vs HD-Bt and UD-Bt vs HD-nonBt) residence time did not differ between the odour fields (Fig. 4b) .
Discussion
The total amount of volatiles released by both varieties evaluated in this study changed between the treatments and showed an interaction between time and treatment, which suggest an effect of herbivory caused by S. frugiperda, instead of an effect of the Bt gene. Both Herbivory damaged varieties showed an increase, and the undamaged varieties showed a decrease on the amount of total volatiles released. On the first day HD-Bt cotton released a larger quantity of a-pinene, b-pinene, figure A indicate the number of insects tested that did not show response to any treatment larger quantity when compared to UD-nonBt cotton. However, along the following days it showed a similar profile of compounds compared to the Bt variety. Yan et al. (2004) studied the volatile composition of the transgenic Bt cotton variety GK-97 and its parental non-Bt variety, Simina No. 3, and showed that the volatile composition of the Bt and the parental variety was very similar, with the transgenic variety producing higher quantities of two monoterpenes, a-pinene and b-pinene and a minor compound that was not identified. Turlings et al. (2005) , working with two Bt cultivars of maize (Bt11, N4640Bt) and an isogenic line (4640), observed that the HD-nonBt cultivar released a higher quantity of volatile compounds when compared to HD-Bt maize. Vogler et al. (2009) also showed that the headspace volatiles of transgenic scab-resistant apple plants compared to two cultivars, an isogenic Gala and Florina, did not emit a qualitatively different profile of volatiles when submitted to herbivore-damage and/or fungal infection, but they observed differences in the amounts of terpenoid compounds released.
Previous studies with different cultivars of cotton have shown the importance of herbivore-induced volatiles in the attraction of natural enemies of herbivores (De Moraes et al. 1998; Paré and Tumlinson 1998; Tumlinson 2004, 2005; Bezemer et al. 2004; Olson et al. 2008) . In a similar way the egg parasitoid T. pretiosum also responded to herbivore-damaged plants (24, 48 and 72 h after the feeding damage) when compared to undamaged plants. Herbivory damaged Bt plants had the same effect on the attraction of the parasitoid as did herbivore-damaged nonBt plants in the olfactometer bioassays, which corroborates results from previous studies (Schuler et al. 1999; Turlings et al. 2005) . The egg parasitoid was used in this study because it is well known that parasitoids use different cues to find their hosts, including information from plants and insects that are not directly linked to their hosts, such as those from the plant-herbivore system (Vinson 1985; Laumann et al. 2009; Moraes et al. 2008 Moraes et al. , 2009 . Using an egg parasitoid also allowed us to evaluate the influence of Bt plants on natural enemies that did not has direct contact Bt toxins.
The range of variability in odour emissions among different vegetal lines, considering the same crop, is a common standard considering the total amount produced (quantity), as well as the composition of the blend (quality) (Fritzsche-Hoballah et al. 2002) . Therefore, this corroborates the idea that the parasitoid uses as information the ratio of the compounds more than the presence or absence of one or more compounds or the total amount released by the plants (Turlings et al. 2005; Moraes et al. 2008 Moraes et al. , 2009 .
The data available to date relating Bt transgenes and induced volatile release by crop plants, including the data presented here, indicate that the quantities of the compounds changed, but the ratio between the compounds did not change enough to affect the behavior of herbivore natural enemies (Turlings et al. 2005) . Parasitoids and predators are likely not to use one or two compounds from the blends emitted by the plants to find their hosts, but several compounds, and the ratio between the components is likely to be very important information (Rose and Tumlinson 2004; Pareja et al. 2009; Moraes et al. 2009; Turlings et al. 2005) . We know that the main plant volatiles used by natural enemies are very similar and composed basically of green leafy volatiles (De Moraes et al. 1998; Turlings et al. 1998; Heil 2004; Kost and Heil 2006; Pareja et al. 2007; Williams et al. 2008; Ozawa et al. 2008) , including monoterpenes, sesquiterpenes and homoterpenes (De Moraes et al. 1998; Turlings et al. 1998; Colazza et al. 2004; Zhu and Park 2005; Heil 2004; Rose and Tumlinson 2005; Kost and Heil 2006; Williams et al. 2008 ) and compounds derived from shikimic acid (Turlings et al. 1998; Zhu and Park 2005; D'Alessandro et al. 2006; Moraes et al. 2008 Moraes et al. , 2009 . Further studies are necessary to identify which compounds or ratios between these compounds are essential in the induced blend for the attraction of the natural enemy, to understand how the natural enemies achieve this specific response to plant volatiles from different varieties in the context of a complex volatile blend, and how the Bt proteins affect the quantitative profile of volatile compounds (D'Alessandro et al. 2006; Maffei et al. 2007; Heil 2008; Heil and Ton 2008; van Dam and Poppy 2008) .
Although the studies with Bt plants evaluating indirect defense suggest that there is no change in the abundance of natural enemies, this cannot be taken to mean there is no effect on these natural enemies as discussed above. For example, Schuler et al. (1999) reported that the larvae of Plutella xylostella susceptible to Bt oilseed rape died within 5 days after feeding on Bt plants, and the larvae of the parasitoid Cotesia plutellae need 7 days to finish their life cycle.
Most biosafety studies have compared transgenic crops to corresponding non-transgenic crops, taking into account the host/prey using as model predators and larval parasitoids (Romeis et al. 2006) . The results of these previous studies showed a deleterious effect on predators and parasitoids; however, most of this effect was not provoked by Bt protein directly, but indirectly, because the Bt crops affected the quantity and quality of their food. Similar results were obtained in studies carried out in fields with Bt plants and nonBt plants (mainly maize and cotton) that also did not show differences in the abundance of parasitoids and predators, but reported a lower number of larvae and eggs parasitized, which was provoked due the lower abundance and quality of the host affected by the Bt protein (Romeis et al. 2006; Lundgren et al. 2009 ).
Egg parasitoids also need high quality hosts, although they do not ingest the Bt protein they can be affected by alterations in the environment, such as changes in the chemical profile of volatile organic compounds released by the plants, which are used as cues to locate their hosts (Romeis et al. 2006; Lundgren et al. 2009 ). To disturb the mechanisms involved in indirect defense, provoking changes in the ratios or quantities of the compounds produced by the plants, for example, the genetic engineering would have to alter primary carbon metabolism, such as photosynthesis and cellular respiration processes, and/or one of the biochemical routes of the shikimic, malonic or mevalonic acid pathways. These effects are not expected to occur due to the insertion of genes for Bt proteins in plants. Although, differences in volatile emission from plants submitted to different types of biotic stress have been reported when comparing transgenic plants to non transgenic plants (Turlings et al. 2005; Yan et al. 2004; Vogler et al. 2009 ). The differences in the chemical profile of volatiles when comparing Bt and nonBt plants could be an effect of energetic costs and not a direct effect of the Bt protein.
The Bt plants use energy to produce the d-protein, which may not affect primary carbon metabolism, but could affect the syntheses of secondary metabolites.
In this work, no pleiotropic effect of the Bt genetic engineering was observed on the indirect defense response in the cotton varieties studied. As expected, the volatiles were released in larger amount after herbivory elicitation and the transgeny significantly altered the chemical profile over time for some compounds during the indirect defense process. Despite this, the tritrophic communication as reflected in the foraging behavior by the egg parasitoid T. pretiosum was not affected. Further studies will be conducted to expand the analysis to field conditions, and with different cultivars opening the possibility to cover a broader spectrum of natural enemies.
